Abstract: Exposure of Workers to Extremely Low F r e q u e n c y M a g n e t i c F i e l d s a n d E l e c t r i c Appliances: Yoon Shin KIM, et al.
The industrialization process including a marked increase in electric appliances has expanded personal exposure to magnetic fields (MF) whose effects on human health have long been a matter of scientific concern 1) . Numerous epidemiological reports suggest a link between occupational or non-occupational exposure particularly to extremely low frequency (ELF: 10-1,000 Hz) fields and cancer risk, particularly leukemia, brain tumors, and breast cancer [2] [3] [4] [5] . If extremely low frequency (ELF) magnetic fields (MFs) exert adverse effects on health, the parameters of MFs that best predict these effects are not known.
Ever since Wertheimer and Leeper's work 6) , power frequency electromagnetic fields have been suspected of increasing the risk of cancer in children. During the past few years, several other studies have been published. An association between magnetic field (MF) exposure and childhood cancer is still disputed 7) . Occupational power frequency magnetic field exposures have been estimated from fixed-location, pointin-time measurements at work sites for various occupations both inside and outside of the utility industry [8] [9] [10] [11] , but large-scale monitoring of magnetic field exposure required development of magnetic field personal exposure meters. In order to prepare for a large monitoring effort, Deadman et al. 12) measured personal exposure in 20 utility workers (mostly linemen) and 16 office workers with a small 60 Hz field meter described by Heroux 13) . They summarized exposure data collected over the course of 1 wk for both work and non-work periods. Time-weighted average exposures for the utility workers were found to be ten times those for office workers. The results of this large monitoring effort at two Canadian and one French utility have been reported by Theriault 14) . Magnetic field personal exposure monitoring studies with the EMDEX technology have been directed at occupations characterized as "electric workers" 15) and "telephone workers" 16) . More recently, Sahl 17) reported on extensive personal exposure measurements with EMDEX meters among employees of a single large utility. Other studies were based on measurements or calculations of magnetic fields because magnetic fields from various sources, including home appliances, ground currents and power lines may contribute considerably to the exposure. Recently several epidemiological studies have suggested an association between cancer and the use of some appliances, such as hair dryers 18, 19) and electric razors 20) . A comparison between field exposure from appliances and from other sources, such as distribution lines and house wiring, would be useful for epidemiological studies and for providing guidance on strategies for "prudent avoidance" 21) . Only a few attempts have been made to evaluate alternative exposure indices in epidemiological studies, partly due to the lack of information on exposure and partly because classical epidemiological methods are more oriented towards demonstrating the existence of an association than evaluating different exposure indices 22) . Measurement of personal exposure to magnetic fields have been used to investigate the health effects of magnetic fields in various epidemiological studies 23, 24) . Since no data are available on the actual level of exposure to magnetic fields in Korea to date, the present study attempted to establish preliminary information on personal exposure measurement of magnetic fields for the selected population. Given the extensive use of electric power, even small increases in risk could have substantial consequences for public health 25) . The objective of this study was to collect, analyze and describe the personal exposure to magnetic fields in various occupations and to describe a pilot study to evaluate electric appliances.
Subjects and Methods

Personal exposure measurement
The study population comprised 102 persons aged 21-45 yr who were chosen from different occupational groups in the Seoul area. The study subjects were randomly assigned to one of two groups: the occupational group of 37 subjects which consisted of 11 electricians, 6 medical computer drivers, 9 subway drivers and 11 transformer workers, whereas the other 65 subjects in the nonoccupational group consisted of 34 graduate students and 31 office workers. Each subject wore a personal exposure instrument in a leather case attached to a belt at the hip. The subjects were instructed to place the instrument near the subject's bed at night but not close to an electric clock or other appliance. The subjects kept a diary of activities for the period of registration, and this was used to classify the location and time spent indoors and outdoors.
A survey for measurement was carried out from 1996 to 1999 with the use of magnetic field time-series data collected with EMDEX II instruments 26) . The three-axis 60 Hz MF was recorded with an EMDEX II Meter. The EMDEX II was programmed to take a measurement every 10 s by means of its broadband (40-800 Hz) bandwidth and to store x, y and z components. When the MF recording ended, the interviewer brought the meter back to the laboratory, and data were downloaded into a portable computer. Emcalc software (Enertech) was used to extract the data.
The main tools of the personal exposure assessment procedure presented here were a logbook which was used to identify transportation devices, degree of use of the electric facility, working time, working historic period, and working condition. Upon entering a new environment, the volunteer was asked to push the EVENT button and to make an entry in the logbook. A questionnaire was used to determine the type of house the subject lived in and the pattern of time-activity during the subject's daily life.
Documentation and calibration
Volunteers were also given manuals that detailed procedures and protocols and the supplies necessary to implement the protocols and data collection. The EMDEX units were calibrated by Enertech Consultants before they were distributed to participants in February 1996.
Electric appliance measurement
With the use of magnetic field time-series data collected with EMDEX II instruments, we measured fourteen electric appliances (massage units, electric blankets, hair dryers, etc.) selected to measure the EMF exposure based on subjects' use at their homes. Data consisted of EMDEX II records of field exposure subjects using a variety of appliances. We collected these data by using a small opportunity sample of Seoul residents. The appliance field exposure data were extracted from continuous 24 h EMDEX II records of volunteers as they went about their regular activities. The data were recorded by using an EMDEX II meter with a sampling interval of 1.5 s. Depending on the appliances, subjects were instructed either to put the EMDEX meter at spots near their head or to wear it at their waist while using the appliances. They pushed the EVENT button when the appliances were turned on and off and recorded their activities on log sheets. In this way, the EMDEX data collected include appliance fields with background fields as well as background fields alone. Subtracting the latter from the former yields the appliance fields, but because the field exposure is from 60 Hz AC magnetic fields, the precise field subtraction involves two aspects of the field vector: space angle and temporal phase angles.
An appropriate standard deviation, which was subjectively chosen not to exceed reasonable time for an activity, and was determined to ensure a reasonable range for the distribution, e.g., a distribution for hair dryer use time should not exceed 30 min, electric blanket exposure was implemented deterministically with a single measured time series, and measurement of the magnetic field for each electric appliance was carried out according to their characteristics. For example, televisions and refrigerators were measured 30, 50 and 100 cm from their surface, but, on the other hand, massage units and electric blankets were measured directly.
Quality assurance
Data were examined for consistency and validity before and during analysis. All data were assumed to be valid unless they could be excluded for a known failure of the EMDEX II or a clear protocol violation. Data were excluded in the following circumstances: 1) When the logbook indicated that the EMDEX II was not worn. 2) When the EMDEX II was out of calibration when the measurements were taken.
Files with consecutive high field values along an axis and very low field values on the other axes were reexamined; several were found to show an apparent instrument malfunction. In these cases, a single channel (for example, the X-axis) repeatedly exhibited measurements in the upper 2% of a range, whereas the two remaining axes recorded values in the lowest 8% of the range. These files were excluded from the analyses described here.
Statistical methods
An individual's time-weighted-average (TWA) exposure to magnetic fields is best measured at present by an exposure meter that is worn by the subject. Magnetic fields measured across residences tend to be highly skewed, with most residential fields clustered below 0.1 µT, but the use of log-transformed values results in frequency distributions that are much more normal in structure. Consequently, throughout this paper we have summarized data by using both untransformed and log-transformed field values. The description of untransformed data is best done with arithmetic statistics (mean, standard deviation), whereas log-transformed data are best summarized with geometric statistics (geometric mean, geometric standard deviation). The arithmetic mean is the equivalent of the traditional TWA; on the other hand, the geometric mean deemphasizes the influence of brief high exposures since the average is computed from the log-transformed data. Table 1 shows the mean 24 h exposure to magnetic fields levels in various occupational categories. The arithmetic mean level of personal exposure of all 102 subjects to magnetic fields during 24 h ranged from 0.08 µT to 0.83 µT. Levels of personal exposure to magnetic fields were the highest at 0.83 µT in transformer workers, followed by electricians (0.41 µT), medical computer operators (0.27 µT), subway drivers (0.18 µT), graduate students (0.08 µT), and office workers (0.08 µT).
Results
Personal exposure in various occupations
Indoor and outdoor exposure levels
The data were analyzed with respect to time spent in different indoor environments. Table 2 shows the arithmetic mean level of personal exposure to magnetic fields during the time spent indoors and outdoors for occupational and non-occupational groups. This also shows the mean value ratios for occupational and nonoccupational groups. Figures 1 and 2 shows examples of magnetic field recordings by a transformer worker and a graduate student, respectively. Figure 1 also shows an example of a transformer worker whose exposure at work from 9:00 a.m. to 5:00 p.m., at transportation in a subway (a direct current, 60 Hz) on his way to work (8:00-9:00 a.m.), and on his way home (7:00-8:00 p.m.) dominated the recordings of magnetic fields. These figures show that magnetic field records look like pulses of different duration and repetition rates in the magnetic fields measurements for 24 h. Figure 2 shows an example of a graduate student's exposure at work (10:30-11:30 p.m.) using a personal computer and indicates the peak value of magnetic fields.
The mean values for transformer workers at work were at the highest level of 1.21 µT among the study subjects and the values for electricians, medical computer operators, subway drivers, graduate students and office workers were 0.64, 0.46, 0.35, 0.09 and 0.09 µT, respectively. The ratio of mean exposure levels for occupational and non-occupational groups was 7.44. This suggests that the personal exposure level for different occupations varies according to the indoor source and working status. The mean values during transportation (moving from one site to another by subway, passenger car or bus or when working) for electricians were the highest levels of 0.42 µT followed by 0.26 µT for subway drivers, 0.22 µT for transformer workers and graduate students, 0.18 µT for medical computer operators, and 0.13 µT for office workers. Figures 3-5 show the distribution of the arithmetic mean levels for a period of 24 h, for time at work, and for time at home for magnetic field exposure levels in the occupational group and the non-occupational group, respectively. The pattern of exposure levels for all cases was higher in the occupational group than in the non- Electric appliance measurements Table 3 shows a mean level of magnetic fields on measurements of field background in electric appliances. Among the electric appliances examined, a massage unit had the highest mean value of 247.07 µT, followed by an electric blanket value of 5.24 µT.
Discussion
Our findings with regard to time spent at different locations were similar to those at work in the U.S. 27) . The analysis in this study was based on various time-weighted averages, assuming that these are important for example, that exposure at work for different occupations is a more important parameter for biological effects than exposure per se, e.g., at home exposure will be of lesser interest.
Most of the magnetic field variations in exposure were due to the fact that the subjects in this study spent time at different places indoors and outdoors. Detailed comparisons of the activity lists and the plots of magnetic fields with time for the subjects revealed that local sources in different indoor environments also contributed to the magnetic fields.
We found that time-weighted average exposure (TWA) was closely correlated with short, intense exposures such as peak values and time above thresholds. The authors suggested that perhaps TWA alone could serve as an exposure index for high exposure workers but that, for general population studies, additional indices might be needed. Sahl 17) examined exposures collected over 770 days in one utility and found that electricians and substation operators had the highest exposures. Although their results were consistent with the use of the TWA as a proxy for peak exposure, they believe that medians and fractions exceeding 0.5 and 1.0 µT are also important.
Instrumentation problems also occurred. The prototype EMDEX meters used in the project infrequently demonstrated several known failure modes. These included constant high readings on one or more axes, constant bias in readings and spurious readings. Although many of these errors were identified and the data were excised, potential bias could have been introduced because correct data from these periods were not included in the analysis. Also, some incorrect readings undoubtedly were not detected and remain in the data. These limitations could affect the value and the validity of the data set, but the number of measurements and measurement days within most categories were reasonably sufficient to assign group exposure by means of any of the statistical descriptors. The use of a variety of statistical descriptors allowed the skewed nature and variability of individual and group exposures to be quantified.
Use of the arithmetic mean for time-integrated exposure estimates has appeal for several reasons: It is simple to compute, it has a tangible interpretation as timeweighted average exposure, and it is a commonly used measure for exposures of many types, but for the reasons noted above, mean time-integrated estimates based on the arithmetic mean should be interpreted with caution. For some purposes, such as epidemiological studies, it may be more appropriate to use the median value for the daily workday means to estimate time-integrated exposure.
The mean values at the home of each subject ranged from 0.07 to 0.18 µT. During a normal week day, the subjects spent about 34 percent of their time at home, of which the majority was spent in bed. The mean values for the 60 Hz magnetic fields in Korean homes seemed to be higher than the values measured in Sweden 28) and Denmark 24) , although those countries have different electrical systems. The outdoor mean values for the subjects were less than 0.2 µT, except for electricians, and the ratios of mean personal exposure levels for occupational/non-occupational groups were higher than 1.0. This suggests that occupational groups are more likely to be exposed to magnetic fields at work than are non-occupational groups.
In epidemiologic studies, a significant number of subjects may not provide access to their residences 1, 29) , so that outdoor measurements may be interesting in reducing the noresponse bias. In the Michaelis study 30) , about 55% of the recruited subjects refused indoor MF recordings. We assessed the usefulness of a surrogate pavement measurement protocol. The agreement between pavement and bedroom measurements was good in rural areas but poor in urban centers.
Although our EMDEX data have a 1.5 sec sampling interval and do not really reflect dB/dt, they still capture some rough or "global" field changes that may embody many transients. Appliances generate switching transients when they are turned on or off, as indicated by Guttman 31) . In addition, some appliances, such as hair dryers and heating pads, also generate "randomly occurring transients during normal operation due to motor brush sparking and heater switching". Our EMDEX data do show some fluctuations in the hair dryer field series. In fact, other appliances, such as electric ranges and vacuum cleaners, also show a type of load-unload field change.
Conclusion
This study clearly demonstrates that persons occupationally exposed to electric appliances have a greater exposure to magnetic fields than non-occupational groups. Among the occupational groups, the results clearly indicate that the highest exposed group is transformer workers. Mean personal exposure levels of magnetic fields in transformer workers are generally 10 times higher than in graduate students and office workers subjects. This suggests that the exposure to electrical systems in transmission work may influence the 24 h exposure to ELF significantly. Mean personal exposure levels for magnetic fields measurement in indoor environments are 1.3-4.2 times higher than the corresponding outside levels during 24 h. These results clearly indicate that major indoor sources of magnetic fields are more likely to be occupationally related. As a result, a massage unit showed the highest mean magnetic field level on measurements of field background in electric appliances.
Since these results are derived from a small-scale pilot study, a larger scale study should be undertaken to show that exposure to magnetic fields may be influenced by the occupational environment. These results also stress the need for further investigation not only of magnetic fields measurements, but also of biological effects of magnetic fields in different occupations in the near future.
